Previous studies of adult mammalian thoracic aortas revealed that tension per medial lamellar unit was independent of species and that distribution of medial vasa vasorum, number of medial lamellar units and medial thickness were consistently related. Except for man, a similar pattern prevailed in abdominal aortic segments of all of the ten species studied. The human abdominal aortic media had relatively fewer lamellar units for its diameter than abdominal or thoracic aortas of other species, resulting in a relatively elevated estimated mean tension per lamellar unit. Vasa were normally absent from the human abdominal aortic media, even though its thickness significantly exceeded the thickness of avascular medias of other species and of avascular zones of medias with vasa vasorum. Elevated calculated tension per lamellar unit and excessive avascular thickness may be factors in the increased susceptibility of human abdominal aortas to atherosclerosis.
• The thoracic portion of the human aorta is usually less involved by atherosclerosis than the abdominal portion (1) (2) (3) . In hypercholesterolemic dogs, severe atherosclerosis develops in segments of abdominal aorta grafted into the thoracic aorta or jugular vein while thoracic segments grafted into the abdominal aorta are spared (4, 5) . These data suggest that different aortic segments may have inherent properties that influence their susceptibility to disease.
Recent comparative studies of the relation of structure to function in the mammalian thoracic aortic media have provided data dealing with the distribution of stresses in the media (6) and its nutrition (7) . In the thoracic segment, distinct concentric medial fibromuscular layers can be considered to be units of function; each of these lamellar units sustains an estimated mean tangential tension of approximately 2000 dynes/cm regardless of species (6) . Medial vasa vasorum are demonstrable only in species with more than about 29 medial lamellar units and are present only in the portion of the wall outside the innermost 29 units. The region corresponding to the 29 subintimal units without vasa, the avascular zone, is presumably nourished mainly by diffusion of nutrients from the lumen. Both the thickness and the number of lamellar units in avascular zones of mammalian thoracic aortas are remarkably constant regardless of species; i.e., in species with medial vasa, only the number and configuration of the vascular outer lamellar units change with increasing species body weight (7, 8) . A comparable study of the abdominal aortic segment could reveal differences between thoracic and abdominal aortic segments that 678 WOLINSKY, GLAGOV imply potential differences in susceptibility to injury. The results of such a study in ten mammalian species form the basis of the present report.
It will be shown that all of the conditions that prevail in thoracic aortic medias also prevail in the abdominal aortic segments of all of the species examined except man. The findings provide some insight into factors that may influence the differential susceptibility of different arteries to disease and the special predisposition to atherosclerosis of the human abdominal aortic segment.
Materials and Methods
Aortic segments of 42 adult mammals representing ten species were studied ( Table 1 ). The human specimens were obtained within 12 hours of death from persons between 20 and 50 years of age who had been free of cardiovascular disease during life and who died after a fatal trauma or a brief acute illness; only aortas with little or no gross atherosclerosis were used. Vessels of other species were obtained within 30 minutes of death.
All branches of the aortic segment between the ostia of the renal arteries and the iliac bifurcation were ligated in situ and the adventitia marked with a row of dots 0.5 cm apart, using a solution of gentian violet. The segment was then cannulated at both ends, excised and attached to a special adjustable frame designed to hold the cannulas. This permitted reextension and orientation of each segment to its in-vivo configuration by aligning and spacing the adventitial reference marks. The proximal cannula was connected to a closed controlled pressure system, flushed briefly with normal saline at 37°C and distended momentarily to the mean pressure appropriate for that species. Pressures used to distend the abdominal segments were identical to those used to distend thoracic segments of those species included in a previous study (6) and are given in Table 1 . Each segment was then perfused with a mixture of barium sulfate, gelatin, and india ink heated to 37°C; proportions of the components were the same as in the previous study (6) . When the segment was filled, the distal cannula was closed and the pressure system adjusted to the appropriate mean pressure; vasa arising from the intercostal branches filled with the perfusion mixture. With the cannula still connected to the pressure system, the portion of the apparatus holding the segment was immersed in 10% buffered formalin at 4°C. The distending mixture gelled in 1 to 2 minutes, permitting the distended segment to be removed from the pressure system. Specially designed cannula holding clamps were used to maintain extension of the segments during removal from the frame and subsequent immersion in cold formalin for 48 hours to complete fixation. The entire preparation procedure up to the beginning of fixation was completed in 20 minutes or less. After fixation, each segment was x-rayed and the luminal diameter was determined from the radiographs. Details of this procedure have been described elsewhere (6) . Cross-sectional rings, with the distending gelatin core intact, were taken at a reference point halfway between the renal artery ostia and the bifurcation for light microscopy. Sections were cut at 7[x, and stained with hematoxylin and eosin and Weigert-van Gieson stains.
Micrometric techniques for measurement of wall thickness and determination of lamellar composition were the same as those used for the thoracic aortas (6) . Shrinkage artifacts were estimated as described previously (6, 7) . These amounted to 14% after fixation and an additional 16% after dehydration and embedding in paraffin; all values reported here have been appropriately corrected.
Total medial tension was estimated by applying the expression of the Law of Laplace for vessels, T = Pr, in which T = tension in dynes/cm, P = blood pressure in dynes/cm 2 , and r = radius in cm (6) .
The data obtained from the analysis of the abdominal aortic segments were compared with similar data for the thoracic aortic segments prepared in an identical manner for studies reported in detail elsewhere (6, 7) . The significance of differences between means was determined by use of Student's t-test; significance was considered to be present at the 5% level. 
Results

AORTIC DIAMETER AND ADULT BODY WEIGHT
The relation between diameter and adult species body weight is compared for thoracic and abdominal aortic segments in Figure 1 . In general, for a given species, diameter of the abdominal segment was 30 to 40% less than the diameter of the thoracic segment. However, the overall distribution of points is quite 
WALL THICKNESS, DIAMETER, AND NUMBER OF LAMELLAR UNITS
In general, the architectural details of thoracic and abdominal medias were similar for a given species. In Figure 2 , photomicrographs of cross sections of distended thoracic and abdominal rabbit aortas illustrate the usual similarity in medial lamellar structure for the two segments. The differences in medial thickness and number of lamellae correspond to differences in diameter.
The relation between wall thickness and diameter for the abdominal segment was nearly linear, though there was considerable scatter of the points (Fig. 3A ). This is essentially the same pattern as prevails for the thoracic aorta (6) . The relation between wall thickness and number of medial lamellar units for the abdominal aorta is shown in Figure  3B . In general, large species such as cattle and horses have fewer lamellar units per unit wall thickness than smaller species such as rats and rabbits; this finding is similar to that noted for thoracic aortic segments. Human abdominal aortic medias had only 28 ± 1.5 lamellar units, while for other species, abdominal aortic medias of comparable thickness had many more lamellar units. The position of the points corresponding to the human specimens indicates that the human abdominal aortic media has relatively few lamellar units for its thickness.
VASA VASORUM
As in previous studies, aortic medial vasa vasorum 10/u. or more in diameter were filled with the carbon-marked gelatin mixture and could be identified on the histologic sections. No medial vasa were found in abdominal aortic sections from the small animals, i.e. mouse, rat, cat, rabbit, and dog; the medias of each of these species had fewer than 29 680 WOLINSKY, GLAGOV
K-FIGURE 2
Photomicrographs of cross sections of rabbit thoracic (left) and abdominal (right) aortas fixed while distended. The architecture is essentially the same. The abdominal aortic media is narrower than the thoracic (arrows). The difference in thickness corresponds to the difference in diameter. Weigert-van Gieson stain. lamellar units. The abdominal aortic medias of the sheep, pig, bull, and horse had vasal channels; all of these had abdominal aortas with more than 29 medial lamellar units. As in thoracic aortas (7), vasa vasorum occurred only from the 29th lamellar unit outward. The zone between the intima and the 29th lamellar unit was always avascular. Human abdominal aortic medias, with only 28 lamellar units, had no demonstrable vasa despite their relatively great thickness. Thus, the avascularity of the human abdominal aortic media corresponded to its lamellar complement.
WALL THICKNESS, LAMELLAR UNITS AND THE AVASCULAR ZONE: DEVIATION OF THE HUMAN ABDOMINAL AORTIC MEDIA FROM THE USUAL MAMMALIAN PATTERN
The relation between total number of medial lamellar units and diameter and between wall thickness and diameter, are compared for thoracic and abdominal segments in Figure 4 ; each point represents the mean value for a species. In each graph, the horizontal lines indicate the mean and one standard deviation for the lamellar complement (A and B) or the thickness (C and D) of avascular zones of aortas of species with medial vasa. Points representing those species with totally avascular aortic medias fall below the horizontal lines; points corresponding to species with medial vasa fall above the lines. The relation between total number of medial lamellar units and diameter and between medial thickness and diameter are approximately linear for both thoracic and abdominal Wall thickness is plotted against diameter (A) and against total number of lamellar units (B) in abdominal aortic medias of ten species. See text for discussion.
segments. The human points are of special interest. The human thoracic aortic media appears to have an appropriate wall thickness and number of lamellar units for its diameter as compared to the other species (A and C); i.e., the points representing the human thoracic aorta are located at about the same level, well above the usual limits for totally avascular medias. The human abdominal segment, however, has fewer lamellar units than would be predicted for its diameter than the other species. The point representing man on the plot of thickness vs. diameter for the abdominal aorta (D) falls above the limit for avascular medias, and the human point on the plot of lamellar units versus diameter (B) falls within the limits for avascular medias. Thus, the medial thickness of the human abdominal aorta seems appropriate for its diameter, but its totally avascular media is thicker than that of the avascular zones of aortas of species with medial vasa. In Table 2 , mean thickness and lamellar content of medial avascular zones of nonhuman mammalian thoracic and abdominal aortic segments with medial vasa are compared with those of man. The human thoracic segment, which is vascular, has an avascular zone corresponding closely in both lamellar complement and thickness to medias of other species with vasa. The human abdominal segment, on the other hand, differs considerably from abdominal segments of species with medial vasa. Though it does not contain vasa, its thickness exceeds that of the avascular zones of vascular aortic medias, abdominal or thoracic (* = 9.40; P<0.001). Nevertheless, like the avascular zones of vascular medias, abdominal or thoracic, it does have 28 lamellar units.
Number of Lamellar Units in Avascular Zone
In summary, the total lamellar complement of the human abdominal segment places it within the group of avascular aortas, but compared to other species an aorta of its diameter would be expected to have more lamellae and have medial vasa. On the other hand, though its thickness is apparently suitable for its diameter, it is significantly greater than that of any other avascular media or of the avascular zone of any media with vasa. the number of medial lamellar units in abdominal aortas in Figure 5 . The distribution of the points suggests that abdominal aortic medias with medial vasa, i.e. those of large mammals (sheep, pig, bull, horse) sustain a greater tension per lamellar unit than do the abdominal aortic medias without vasa, i.e. those of small animals (mouse, rat, cat, rabbit). The points representing the human abdominal aorta are grouped with those representing the large animals, indicating that the avascular human abdominal aortic media has greater tension per lamellar unit than avascular medias of other species. This is emphasized if estimated average tensions per lamellar unit for thoracic and abdominal aortas are listed according to increasing adult species body weight ( Table 3) . The values that correspond to those of vascular medias are in italics. In the smaller animals (mouse, rat, cat, and rabbit) both abdominal and thoracic segments are avascular and calculated tensions per lamellar unit are similar for both segments. The average value for all species without medial vasa vasorum was 1657 ± 112 dynes/cm for the thoracic aorta and 1794 ± 205 dynes/cm for the abdominal aorta (t = 0.331; 0.8>P>0.7). The larger animals (sheep, pig, bull, horse) have inner avascular zones and outer vascular zones in both abdominal and thoracic medias. Calculated tension per lamellar unit is consistently higher in these species than in the small species with avascular medias (t = 4.407; P < 0.001). The average value for all species with medial vasa vasorum was 2635 ± 320 dynes/cm for the thoracic segments and 3307 ±365 dynes/cm for abdominal (t = 0.183; 0.9>P>0.8). The dog's thoracic aortic segment is vascular, and its abdominal segment is avascular; tension per lamellar unit is comparable for the two segments in this species (2240 dynes/cm for thoracic, 2470 dynes/cm for abdominal). In man, the thoracic aortic media is vascular and the estimated mean tension per lamellar unit is comparable to that observed in vascular vessels of the larger animals (t -0.132; 0.9>P>0.8). The human abdominal segment, whose entirely avascular media contains relatively fewer lamellar units, has a tension per lamellar unit of 3180 dynes/cm. This is Values that correspond to those of vascular medias are in italics.
MEDIAL TENSION
Calculated total tension is plotted against
*LU = lamellar unit. much greater than the value for the other avascular aortic medias and much greater than the value for the vascular human thoracic aortic media (t = 6.307; P < 0.001).
Discussion
Our findings indicate that although the functional architecture of the mammalian aortic media is very similar for thoracic and abdominal segments, the structure of the human abdominal aortic media seems to deviate from the usual mammalian pattern in some important aspects. In general, regardless of species, there is a nearly linear direct relation between diameter and the total number of medial lamellar units and a fairly constant relation between estimated wall tension and the number of units. In small animals whose aortas have no medial vasa vasorum, thoracic and abdominal aortic segments have similar and relatively low values for tension per lamellar unit; in larger species with vascular aortic medias, tension per lamellar unit, though similar for the two segments, is significantly higher. The thoracic aortic media of man, which contains medial vasa vasorum, has an estimated tension per lamellar unit similar to those calculated for vascular abdominal or thoracic aortas of other species. For the human abdominal aortic segment, wall thickness corresponded to diameter, but the number of lamellar units was fewer than expected for its diameter or wall thickness. Compared to the other mammalian species studied, the human abdominal aortic media should consist of about 35 lamellar units. Instead, it contained about 28, resulting in an estimated average tension per lamellar unit much greater than that which prevails either in avascular aortas of other species or in the human thoracic segment. Like other medias with 29 or fewer lamellar units, but unlike other medias more than 0.5 mm thick, it had no medial vasa vasorum. Thus, the estimated mean tension per lamellar unit in the human abdominal segment was much higher than that of any of the other mammalian avascular medias examined.
Other authors have observed that in several primates, including man, the number of aortic medial elastin membranes decreases with distance from the aortic root (9, 10) . Benninghoff estimated that in man the ascending aorta consisted of 40 to 60 "elastic" layers, and the abdominal aorta had only about 20 layers (11) .
No systematic attempt was made to attribute functional significance to these structural differences. With respect to the relation of lamellae to vasa vasorum, the findings in the present study confirm our earlier findings that 29 is the maximum number of aortic medial lamellar units that may be present without the occurrence of medial vasa vasorum. That this number may represent some critical structural limit is also suggested by findings that mammalian aortas that have 29 or fewer lamellar units at birth have no more than 29 at maturity, regardless of increase in overall medial thickness during growth, and that mammalian aortas that have more than 29 units at maturity already have at least 29 at birth (7) . In the human abdominal aorta, the appropriate thickness for diameter in the adult is apparently achieved mainly by an increase in lamellar unit width as diameter and tension increase during growth. Difficulties arise in interpreting the findings of others with regard to the presence or absence of vasa in the human abdominal aortic media. This is due mainly either to imprecise definition of the limits of the media or to the examination of diseased aortas. In some species, distinct lamellae may be present throughout the wall early in development, but during maturation the wall may undergo reorganization. As a result, concentric, distinct, complete lamellae may no longer be discernible in some parts of the media in adult animals (8) and adventitial vessels may be taken to be medial. On the basis of detailed studies concerning the relation of medial structure to the distribution of medial vasa vasorum during growth (7) , we have considered the media to be that portion of the wall in which there are distinct concentric elastin lamellae either at birth, during growth, or after maturation. Atherosclerotic abdominal aortas may contain numerous medial vessels.
The high incidence of atherosclerosis in abdominal aortic segments of men above the age of 40 and women above the age of 50 (1-3) limits the value of such material for investigating normal medial architecture. We therefore restricted our studies of human abdominal aortic segments to adults between the ages of 20 and 50 with little or no atheroma. Despite difficulties in making comparisons with human material of others, several studies tend to support our observations. Guard and Bhende (12) , examining 170 aortas from persons ranging in age from fetuses through the fifth decade, concluded that in areas free of disease, vasa vasorum occupied only the outer 5% of the abdominal aortic media. Schutte reported observations of 107 abdominal aortic segments in one study (13) and 53 in another (14) ; atherosclerotic involvement ranged from minimal to severe. He concluded that "in the normal or only slightly thickened wall . . . the deep (vascular) network is often separated from the adventitia by just a few muscle fibers." Although he noted that transmedial vascularization was related to disease and progressive thickening of the wall, he carefully differentiated this secondary vascularization from the usual normal vasal pattern. A study by Clarke (15) employing a microradiographic technique and "normal" vessels from patients between the ages of 15 and 80 years, clearly showed large vessels in the wall of the abdominal aorta, presumably in the media. He concluded that the vasa "normally" extend to the inner third of the media. However, the histologic evidence presented is inconclusive, and in view of the stated range of ages, the aortas may not have been free of atherosclerosis.
Several lines of evidence suggest that the nutrition of the inner portion of the media is probably accomplished by transintimal diffusion and filtration of blood-borne substances. Ligation of vasa vasorum of the thoracic aorta of dogs is associated with necrosis of the outer portion of the media and preservation of the inner portion (16) , indicating different and separate sources of nutrition for the two zones.
Circulation Research, Vol. XXV, December 1969 Geiringer showed that penetration of vessels into diseased human aortic medias occurred when a critical thickness of 0.5 mm was exceeded (17) . Our own study of mammalian thoracic aortas (7) showed that the maximum thickness of the avascular zone is remarkably constant, regardless of species and that, when total medial thickness exceeds the maximal or critical subintimal depth, there is an additional source of nutrition, the vasa vasorum, outside the inner avascular zone. Since the avascular zone of abdominal aortas is generally the same in both thickness and composition as that of thoracic aortas in all species, except man, it is reasonable to suppose that some factor independent of species such as intravascular pressure (18) or a maximum possible diffusion distance for blood-borne substances (19) determines the critical depth.
In the light of these considerations, the deviation of the human abdominal aortic media from usual mammalian aortic structure may impose serious adaptive limitations on its functions. It is avascular and its thickness exceeds that of avascular zones of vessels with medial vasa, i.e., it exceeds the thickness beyond which it should have vasa vasorum. During growth or in response to elevated wall stress (20) , widening of the media could disadvantage the wall nutritionally. At a later stage in the progression of medial thickening associated with disease, medial ingrowth of adventitial vessels occurs (17) . Whatever the stimulus for their penetration, the newly formed channels lack the orderly medial disposition of normally occurring primary medial vasa. Unlike normal capillaries, there is great variation in their caliber and they have unusually thin and fragile walls for their diameter (13, 21, 22) . The occurrence of small intramural hemorrhages and focal interstitial edema about these new vessels could further aggravate the degenerative processes already underway in a faltering arterial wall.
Although the establishment of the precise mechanism(s) relating the architecture of the human abdominal aorta to its special propensity to disease was not the object of this study, evidence that the human abdominal aortic media normally deviates from usual mammalian aortic structure has been provided. Similar comparative studies of the functional architecture of other vessels that are especially susceptible to atherosclerosis in man could provide new insight into the role of medial structure in atherogenesis.
